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Abstract 
A novel method for using roadside seismic (accelerometer) sensors to detect moving vehicles driven in traffic lanes is 
investigated in this paper. The method uses two seismic sensors installed on a road shoulder, with the recorded seismic signals 
split into fixed time intervals. The time delay of arrival (TDOA) is estimated by use of a generalized cross-correlation (GCC) 
approach. Further estimation methods can then be used to characterize various kinds of vehicle information, including vehicle 
speed, axle spacing, and driving direction. The accuracy of the approach is investigated using experimental results obtained 
from an urban street environment. 
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1. Introduction
Over the past two decades, sensor manufacturers have developed various technologies for vehicle detection. It
is common to separate vehicle detection sensors into two categories based on their installation position relative to 
the pavement itself: (i) in-roadway sensors; and (ii) over-roadway sensors. In-roadway sensors are embedded in 
the pavement or the subgrade. The operation of in-roadway sensors can be degraded by pavement deterioration, 
improper installation and weather-related effects, and also can be damaged by street and utility repair. As a result, 
existing in-roadway sensor technologies commonly require relatively high installation, testing, and repair 
program costs. Over-roadway sensors are mounted either alongside or above the pavement which are becoming 
more popular as sources of real-time data for signal control and freeway traffic signal control and freeway traffic 
management. The over-roadway sensors’ operation can be affected by weather conditions, such as fog, blowing 
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snow and raining. Another disadvantage is that its installation and maintenance, including periodic lens cleaning, 
require lane closure when it is mounted above the road. 
In order to overcome the limitations of both in-roadway sensors and over-roadway sensors, this paper 
discusses the use of seismic signals for moving vehicle detection. We propose an alternative traffic detector based 
on two seismic sensors which were installed on road shoulder and named as side-roadway sensors. This 
technology is deployed in roadside as a replacement to traditional in-roadway and over-roadway sensors. 
2. Theoretical Background 
Moving vehicles emit heats, acoustic, magnetic and seismic when they run in traffic lane, which are affected 
by noises, Doppler effects and atmospheric. The most promising methods are based on acoustic signals. However, 
the acoustic detected by sensors are generated from not only moving vehicles, but also from frictions, wind gusts, 
emissions. And wind direction should be accounted for the potential impacts. Additionally, the engine sound of a 
vehicle may not be omni-directional and will be biased toward the side closer to the engine. The physical size of 
the acoustic source may be too large to be adequately modeled as a point source.  
Although seismic waves propagate in different forms, different directions and different speeds, and are also 
highly dependent on the underlying geology, seismic method has advantages over other methods because seismic 
waves are less sensitive to these factors. Seismic sensors also provide non-line-of-sight detection capabilities for 
vehicles at significant ranges. The seismic sensors provide a good detection range, increased detection 
capabilities and have been extensively used in many applications. The majority of the seismic sensors used are 
geophones but other solutions including low-noise MEMS accelerometers. 
2.1. Mechanism of Seismic waves Impacted by Vehicle 
In the field of pavement dynamics, vehicle is regarded as moving loads acting on pavement, and pavement is 
modeled as a beam, plate or a multi-layered system on a viscoelastic foundation. 
Like most seismic issues, a source-path-receiver scenario can characterize traffic seismic. Vehicles contact 
with irregularities in the road surface induce dynamic loads on the pavement. In general, seismic waves can be 
classified into two categories: body waves and surface waves. Research of seismic waves shows that 70% of 
energy of the impact is distributed in the surface waves and the remaining 30% of the energy is transmitted into 
the earth via body waves. Therefore, we focus on the surface waves generated by the moving vehicles. 
Vehicles moving over pavement generate a succession of impacts. The seismic spectra of vehicle could be 
separated into two parts: a broadband component and one or more narrow band peaks. The broadband component 
is due to the interaction of the wheel with the randomly distributed surface irregularities. The narrow band 
component is due to the periodic impact of the treads. 
2.2. Generalized Cross-correlation Based TDOA Estimation 
The problem of source localization consists in estimating the spatial positions of the source and has been used 
in many applications. As the seismic signal is recorded by two sensors, this problem is usually addressed by 
estimating the Time Delay Of Arrival (TDOA) of a source for this pair of sensors. In the following, this paper 
focuses on TDOA estimation of moving source for a pair of seismic sensors. 
3. Seismic Propagation Model of Moving Vehicles 
Seismic propagating in road is generated by the dynamic loads imparted to the road structure by the wheels of 
vehicles. Consider a general scenario shown in Fig.1, a vehicle with two axles was driven in traffic lane. Two 
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moving axles impact pavement surface and each axle can be modeled as a moving impulsive force applied on 
traffic road. It is reasonable that two moving axles are considered as two seismic sources, S1 and S2 respectively. 
Two seismic sensors were installed on road shoulder, D1 and D2 respectively, and are used to detect seismic 
waves propagating in the pavement. The distance between two sensors is d. The width of traffic road is known as 
3.75m. In the case that a vehicle drives along the middle of lane, the vertical distance w from the sources (S1 and 
S2) to sensors is half of road width. The axle length is Laxis. ( )x t  is horizontal distance between seismic source 
and center point O of two sensors. Assuming the vehicle keeps an even speed, which is denoted as cv . The 
horizontal distance is:  
 ( ) cx t v t           (1) 
where t is time of moving source relative to center point O. It means that t=0 when moving source arrive at the 
center point O in horizontal direction. 
 
Fig. 1 The scenario of moving vehicle driving in lane 
 
Set O as n of coordinates, driving direction as horizontal ordinate and road plan as coordinate plan. The 
velocity of seismic wave is sv . So this scenario can be implied into seismic propagation model of moving vehicle 
shown as Fig.2  
 
 
Fig. 2 The seismic propagation model of moving vehicle 
The 1l  and 2l  are distance from source S1 to sensor D1  and D2  respectively. Then the TDOA of moving 
sources, denoted as ( )t  which reach to two sensors is as follow: 
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 To solve above equation and ( )x t  is shown as following: 
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Let ( )0x t  denotes ( )x t  as ( ) 0t , then 
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For both sv  and d are constant, and w  is also can be considered as a constant when a vehicle drives in traffic 
lane under normal operation. Let  
2
s
2
v 4w
C 1
2 d
                                                   (6) 
then Equation(5) is rewritten as 
 ( ) ( )0x t C t  (7) 
In the case that a moving vehicle runs along traffic lane, the vehicle speed is equal to difference of ( )x t , that 
is, 
( )( ) 0
c
dx tdx t
v
dt dt
. By substituting equation (7),  
 ( )c
d t
v C
dt
 (8) 
Equation (8) shows that vehicle speed cv  is the linear relationship to derivative of ( )t  in  the  case  of  
( )t 0 . Based on Equation (8), the speed of vehicle could be estimated. 
4. The Estimation of Moving Vehicle Information 
4.1. The estimation of vehicle speed 
Equation (9) shows that vehicle speed F  is  equal  to  curve  slope  of  ( )W  multiplied by constant C shown as 
Equation (6). That is: 
 F & N  (9) 
where k is defined as curve slope of ( )W .  
 
Consider a general linear equation as following: 
( )y k x t                                                                    (10) 
where k is slope of curve and t  is time offset value. 
The linear least squares fitting technique is the simplest and most commonly applied form of linear regression 
and provides a solution to the problem of finding the best fitting straight line through a set of points.The linear 
least squares fitting technique is applied to estimate the curve slope k . 
In actual environments, the speeds of front axle, rear axle and even third axle or more will be estimated when 
a vehicle with two or more axles passes by seismic sensors. To remove noise of speed, the estimated speed of 
vehicle is the average value of all axles speed. 
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4.2. Estimation of axle spacing 
In the procedure of slope estimation shown as Equation(10), the time offset t  of two source S1 and S2 also 
could be estimated and set 1t  and 2t  respectively. Then, the time shift 'W  between source S1 and S2 is 
obtained by: 
 'W W W1 2       (11) 
So axle spacing D[LH/  can be obtained by following equation: 
 'D[LH F/ W      (12) 
5. Experimental Results and Discussion 
Two seismic sensors were installed on a two lanes road which is concrete pavement. The location of those 
sensors is on road shoulder and closed to traffic lane. Those two sensors were glued by use of adhesive which 
gives an excellent mounting method to provide reliable results for experiments.  
The seismic signals impacted by 15 vehicles are recorded. A video camera was set up nearby experiment place 
to record the vehicles. Fig.3 shows TDOA curves when Vehicle No.1 passes by two sensors. For obtaining curve 
slope of TDOA, the linear least squares fitting technique was applied. The data which TDOA are less than 2h10-
5s were used to fit  the line for linear region limitation. Both the solid line and dash line shown in Fig.3 are the 
fitting lines and stand for front axle and rear axle respectively.  
 
Fig.3. The time delay of arrival (TDOA) as vehicle passes 
As shown in Table 1, the estimated speeds of both front and rear axles of Vehicle No.1 are 43.75km/h and 
45.34km/h respectively. The measured speed of this vehicle is the average value of two axle speeds and is 
44.55km/h. By use of video analysis, the actual vehicle speed is 40.28km/h. The estimation error is 4.27km/h and 
10.6%. 
Table 1 also shows estimated results of other 14 vehicles. The results show that the estimated speed error is 
less  than  20%.  Table  2  shows  the  estimation  of  time  shift  of  each  vehicle.  The  estimated  axle  spacing  of  15  
vehicles are obtained by Equation (11) based on the results shown in Table 1 and Table 2. The results show that 
the estimation error of axle spacing is around 20%. The total 15 vehicles are two axles.  
The error curves of speed, axle spacing and time shift are shown in Fig.4. As can be seen from the 
experimental results, the error of time shift is less than other two error results. Additionally, the error of time shift 
shows random distribution. The axle spacing is equal to vehicle speed plus to time shift. So the speed error 
influence the results of estimation of axle spacing. 
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Table 1 the results of speed estimations of 15 vehicles 
Vehicle 
No. 
Front axle speed 
Rear axle 
speed 
Measured 
speed (km/h) 
Actual 
speed(km/h) 
Speed 
error(%) 
1 43.75 45.34 44.55 40.28 10.6 
2 19.72 24.00 21.86 21.20 3.1 
3 20.73 24.03 22.38 20.66 8.3 
4 30.10 33.43 31.77 28.77 10.4 
5 26.79 28.57 27.68 23.70 16.8 
6 29.19 33.75 31.47 27.78 13.3 
7 36.15 35.94 36.05 30.99 16.3 
8 28.39 28.16 28.28 25.18 12.3 
9 32.43 36.42 34.43 28.77 19.7 
10 31.40 36.94 34.17 30.99 10.3 
11 33.46 36.49 34.98 32.23 8.5 
12 31.52 35.94 33.73 28.77 17.2 
13 32.11 34.02 33.07 28.77 14.9 
14 28.06 29.95 29.01 25.18 15.2 
15 42.83 46.75 44.79 40.28 11.2 
Table 2 The results of both time shift of axle and axle spacing estimations 
Vehicle No. 
Actual  time 
shift(s) 
Estimated 
time shift(s) 
Time shift 
error(%) 
Actual axle 
length(m) 
Measured axle 
spacing (m) 
Axle spaing 
error(%) 
1 0.250 0.241 -3.6 2.8 2.98 6.4 
2 0.467 0.486 4.1 2.8 2.95 5.3 
3 0.683 0.696 1.9 3.9 4.33 11.0 
4 0.350 0.355 1.4 2.8 3.13 11.8 
5 0.400 0.393 -1.8 2.6 3.02 16.2 
6 0.350 0.340 -2.9 2.7 2.97 10.0 
7 0.333 0.340 2.1 2.8 3.40 21.4 
8 0.367 0.383 4.4 2.6 3.01 15.8 
9 0.433 0.435 0.5 3.5 4.16 18.9 
10 0.367 0.363 -1.1 3.2 3.45 7.8 
11 0.317 0.309 -2.5 2.8 3.00 7.1 
12 0.383 0.372 -2.9 3.1 3.49 12.6 
13 0.517 0.510 -1.4 4.0 4.68 17.0 
14 0.367 0.373 1.6 2.6 3.01 15.8 
15 0.300 0.313 4.3 3.6 3.89 8.1 
                                     
Fig.4. The error curves of speed, axle spacing and time shift respectively 
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6.  Conclusions 
This paper proposes a two seismic sensors approach to detect moving vehicles and obtains vehicle speed and 
axle spacing. In this research, two seismic sensors were installed on road shoulder instead of in the road or over 
the road. We name this installation mode as side-roadway sensors which overcome the disadvantage of in-
roadway sensors and over-roadway sensors. We investigate moving vehicle detection using seismic signals which 
is less sensitive to environmental factors. 
In this paper, a seismic signal propagation model of a moving vehicle as a function of source-to-sensor 
distance is first established. Based on this model, the seismic source localization problem is formulated as a 
generalized cross-correlation with phase transform which is denoted as GCC-PHAT.TDOA estimation based on 
only two sensors is considered. The slope of TDOA curve in linear region is applied to estimate axle speed. 
Based on this, the estimation methods of vehicle speed and axle spacing are presented. The experiments in actual 
environment have been carried out. The results obtained from the experiments have been compared to the 
estimated ground truth. From this experiment, it exhibits that the proposed approach has achieved the accuracy 
estimation of about 20%. 
 
Acknowledgements 
This research was  supported by the China National Science Foundation Grant No. 51138003 and Grant No. 
61102038, and the Natural Science Foundation of Heilongjiang Province Grant No.QC2011C097. 
References 
L. E. Y. Mimbela and L. A. Klein. A summary of vehicle detection and surveillance technologies used in intelligent transportation systems. 
Technical report, New Mexico State University, 2000 
J.M. Sabatier, N. Xiang, An investigation of acoustic-toseismic coupling to detect buried antitank landmines, IEEE Transactions on 
Geoscience and Remote Sensing 39 (6), 2001 
X. Sheng and Y. Hu, Maximum likelihood multiple-source localization using acoustic energy measurements with wireless sensor networks, 
IEEE Trans. Signal Process. vol. 53, no. 1, pp. 44–53, Jan. 2005. 
G. P. Mazarakis and J. N. Avaritsiotis. Vehicle classification in sensor networks using time-domain signal processing and neural networks, 
Microprocess. Microsyst., 31(6) 381– 392, 2007 
Sun L, Cai X M, Yang J. Genetic algorithm-based optimum vehicle suspension design using minimum dynamic pavement load as a design 
criterion. J Sound Vibra, 2007, 301(1): 18 27 
W. Zhang and B. D. Rao, A two microphone-based approach for source localization of multiple speech sources, IEEE Trans. Audio, Speech, 
Lang. Process., vol. 18, pp. 1913–1928, 2010. 
Xiaohong Sheng and Yu-Hen Hu,Maximum Likelihood Multiple-Source Localization Using Acoustic Energy Measurements with Wireless 
Sensor Networks, IEEE Trans. on Signal Processing, Jan. 2005, Vol. 53, pp44-53.. 
J. Benesty, “Adaptive eigenvalue decomposition algorithm for passive acoustic source localization,” J. Acoust. Soc. Amer., vol. 107, pp. 384–
391, 2000. 
Y. A. Huang and J. Benesty, Adaptive Multichannel Time Delay Estimation Based on Blind System Identification for Acoustic Source 
Localization. New York: Springer, 2003, ch. 8, pp. 227–248. 
O. Y_lmaz, S. Rickard, Blind separation of speech mixtures via timefrequency masking, IEEE Transactions on Signal Processing 52 (7) 
(2004) 1830-1847. 
C. Blandin, A. Ozerov, and E. Vincent. Multi-source TDOA estimation in reverberant audio using angular spectra and clustering. Technical 
report, INRIA, 2011. 
DAISUKE TSUJI and KENJI SUYAMA. Moving Sound Source Localization Based on Sequential Subspace Estimation in Actual Room 
Environments, Electronics and Communications in Japan, Vol. 94, No. 7, 2011,pp:17-26 
 
